Objective. Multicenter longitudinal outcome data for Fontan patients surviving into adulthood are lacking. The aim of this study was to better understand contemporary outcomes in Fontan survivors by collecting follow-up data in a previously well-characterized cohort. Design. Baseline data from the Fontan Cross-Sectional Study (Fontan 1) were previously obtained in 546 Fontan survivors aged 11.9 ± 3.4 years. We assessed current transplant-free survival status in all subjects 6.8 ± 0.4 years after the Fontan 1 study. Anatomic, clinical, and surgical data were collected along with socioeconomic status and access to health care. Results. Thirty subjects (5%) died or underwent transplantation since Fontan 1. Subjects with both an elevated (>21 pg/mL) brain natriuretic peptide and a low Child Health Questionnaire physical summary score (<44) measured at Fontan 1 were significantly more likely to die or undergo transplant than the remainder, with a hazard ratio of 6.2 (2.9-13.5). Among 516 Fontan survivors, 427 (83%) enrolled in this follow-up study (Fontan 2) at 18.4 ± 3.4 years of age. Although mean scores on functional health status questionnaires were lower than the general population, individual scores were within the normal range in 78% and 88% of subjects for the Child Health Questionnaire physical and psychosocial summary score, and 97% and 91% for the SF-36 physical and mental aggregate score, respectively. Since Fontan surgery, 119 (28%) had additional cardiac surgery; 55% of these (n = 66) in the interim between Fontan 1 and Fontan 2. A catheter intervention occurred in 242 (57%); 32% of these (n = 78) after Fontan 1. Arrhythmia requiring treatment developed in 118 (28%) after Fontan surgery; 58% of these (n = 68) since Fontan 1. Conclusions. We found 95% interim transplant-free survival for Fontan survivors over an average of 7 years of follow-up. Continued longitudinal investigation into adulthood is necessary to better understand the determinants of long-term outcomes and to improve functional health status.
Introduction
T he Fontan procedure results in near-normal systemic oxygen saturation in those born with a functional single ventricle, reducing the demands on the systemic ventricle and extending the lives of patients with even the most complex forms of congenital heart disease. Nevertheless, the resulting abnormal hemodynamic state is associated with a variety of late complications including decreased exercise performance, abnormal ventricular function, intracardiac and extracardiac thrombosis and embolic phenomena, arrhythmias and conduction system impairment, cirrhosis, and protein-losing enteropathy. [1] [2] [3] [4] As these patients age into adulthood, access to specialized health care may become limited as a result of insufficient insurance, lack of employment, and lack of education about the need for evaluation by adult congenital heart physicians. 5, 6 Therefore, although the survival of children and adolescents with the Fontan procedure continues to improve, survivors remain at increased risk for mortality and morbidities, as well as physiologic limitations that are likely to impact physical, psychological, and socioeconomic status. 7, 8 The Pediatric Heart Network Fontan CrossSectional Study (Fontan 1) characterized a multiinstitutional cohort of 546 survivors after the Fontan procedure, with an age of 6 to 18 years at enrollment in [2003] [2004] . 9 The design of Fontan 1 could not determine if observed differences between older and younger subjects were related to the length of time living with Fontan physiology or to changes in medical, catheter-based, or surgical management strategies. The primary objective of the current study (Fontan 2) was to better understand contemporary outcomes in Fontan survivors by collecting follow-up data involving assessment of vital status, repeat functional health status, collection of interim medical history, and access to health care at an average of 7 years after enrollment in Fontan 1.
Methods

Study Design and Patient Population
Vital and cardiac transplant status data were assessed in all 546 subjects enrolled in Fontan 1. From this original group, subjects who were alive with a Fontan circulation were approached for enrollment into the present study. Each center's institutional review board approved the protocol. Written informed consent and assent were obtained according to local requirements. Anatomic, clinical, and surgical data were collected at enrollment (November 2009 to May 2011) using standardized forms. Structured interviews with the parent/guardian and/or subject were used to assess current clinical state, socioeconomic status, family functioning, and access to health care. Vital status was assessed by either contact or by search of the social security death index annually following enrollment.
Measures of Functional Health Status and Quality of Life
The Child Health Questionnaire (CHQ), which includes questionnaires for both the child and the parent, was used for subjects ≤18 years. In subjects aged ≥19 years, functional status was measured with the Short-Form Health Survey version 2 (SF-36). 10 The Pediatric Quality of Life Inventory (Peds-QL) with a self-report and a parallel parent proxy report was used to assess quality of life. 11, 12 In addition, a cardiac disease-specific module of the Peds-QL was administered. Pediatric Quality of Life Inventory age group versions (8-12 years old, 13-18 years old, and 19-25 years old) have almost identical questions with minor differences in language. To preserve sample size and after consultation with experts (personal communication with J. Varni, MD, July, 2013), we combined these versions for analytic purposes.
Statistical Methods
The relationship between transplant-free survival and baseline (assessed at Fontan 1) covariates was examined using Cox proportional hazards regression modeling. Follow-up time was defined as the time from Fontan 1 medical record review until either death/transplant or the latest available assessment of vital/transplant status (at or after Fontan 2 enrollment). We report hazard ratios with 95% confidence intervals and P values associated with the Wald chi-square test. Statistical significance was considered using a two-sided critical value of P = .05. The proportional hazards assumption was evaluated using a supremum test for nonproportionality based on Martingale residuals, and interaction terms with time were considered as appropriate. Key results are illustrated using Kaplan-Meier survival plots.
Subsequent analyses compared prespecified subgroups defined by ventricular morphology, Fontan procedure type, and age at enrollment. Differences in patient outcomes by subgroup levels were assessed using a regression model adjusted for age, gender (if gender mix differed), and clinical site (for medical history variables and medication use). For continuous outcomes, mean values by subgroup were compared using a parametric analysis of variance-based test and an age-and gender-adjusted analysis of covariance. Additionally, median values by subgroup were compared using a nonparametric (Wilcoxon or Kruskal-Wallis) test. If any of these three tests was significant, Bonferroni corrections were calculated. For binary outcomes, frequencies in the subgroups were compared using Fisher's exact test and a gender-and age-adjusted logistic regression model. For ordered categorical outcomes, the presence of a linear trend was assessed using Mantel-Haenszel test for trend, and a gender-and age-adjusted cumulative or multinomial logistic regression was used as appropriate. For interim medical history events, mean incidence rates of the event were compared by subgroup using Poisson regression. To explore differences related to age, we divided the study population into two groups (younger vs. older). For continuous variables and instruments validated across all ages, e.g. medical history and Peds-QL, 18 years was selected as a cutoff value. The cutoff of 18 was selected as this age is used frequently to define an adult and this provided similar sized groups for comparison. For instruments validated only in children (e.g., CHQ-PF50 and CHQ-CF87), 16 years was selected as a cutoff. Similarly, for forms validated only in adults (e.g., SF-36), the adult cohort (defined as ≥19 years) was divided into two roughly similar sized groups; those < or ≥22.5 years. All analyses were performed using SAS statistical software version 9.3 (SAS Institute, Inc., Cary, NC, USA).
Results
Patient Characteristics
From the original Fontan 1 cohort of 546 subjects, 29 (5%) either died (n = 16) or were transplanted (n = 13) prior to Fontan 2 enrollment and 1 subject died after enrollment. Additionally, one subject underwent a conversion to a two-ventricle circulation prior to Fontan 2 enrollment. The 516 surviving subjects with a Fontan circulation were considered eligible for the Fontan 2 study and 427 subjects (83%) enrolled. Thirteen subjects (2.5%) were lost to follow-up and 76 subjects (15%) did not give consent. The enrolled subjects were compared with the eligible but non-consenting subjects who either were lost to follow-up or refused consent. Enrolled subjects were younger (18.4 ± 3.4 vs. 19.6 ± 3.3 years, P = .002) and had a lower proportion of males (58% vs. 71%, P = .02). After adjustment for age and gender, enrollees came from households with a higher income level and higher level of maternal education (P < .001 for both). No differences were identified in any cardiac characteristics or laboratory measures from Fontan 1.
Died/Transplanted vs.Transplant-free Survivors
Vital status assessment data were collected on all of the original 546 subjects except the 13 who were lost to follow-up. The social security death index was searched for the 13 lost-to-follow-up subjects and none were reported to have died. The 502 transplant-free survivors through the end of follow-up were compared with the 30 who died or had heart transplants (1 subject died after enrolling in Fontan 2) (Figure 1 ). There were no differences in the risk of death/transplant based on age, dominant ventricular morphology, or type of Fontan procedure. On univariate analysis, the risk of death or transplant after Fontan 1 was significantly associated with the following measurements obtained at Fontan 1: a poorer CHQ-PF50 physical summary score (36.6 ± 13.6 vs. 45.8 ± 11.5, P < .01) (Figure 2A ), increased end systolic and end diastolic volume z-scores (P < .02 for both), a higher brain natriuretic peptide (BNP) concentration value (P = .04) ( Figure 2B ), Figure 1 . Transplant-free survival since Fontan 1 (with 95% confidence intervals) in a cohort of 532 subjects with complete follow-up data. For improved resolution, the scale on the y-axis is limited to 0.9-1.0. and inability to perform an exercise test (P < .05). The hazard of death/transplant for subjects with both an elevated BNP (>21 pg/mL) and a low physical summary score (<44) was 6.2 (2.9-13.5) times higher than for the rest of the cohort ( Figure 2C ).
Fontan 2 Cohort Characteristics
The 427 enrolled subjects were 18.4 ± 3.4 years old at Fontan 2 enrollment. The mean follow-up time was 6.8 ± 0.4 years from Fontan 1 and 15.2 ± 3.4 years after Fontan surgery. Since Fontan surgery, 119 subjects (28%) had additional cardiac surgery, with 55% of these (n = 66) occurring in the interim between Fontan 1 and Fontan 2. During the interim period, 10 subjects underwent a Fontan conversion. The most common surgical procedure performed since Fontan 1 involved placement or replacement of implantable electronic devices, which were currently in place in 13% (n = 56). A cardiac catheter intervention occurred in 242 subjects (57%); 32% of these (n = 78) took place after Fontan 1. Since the Fontan procedure, stroke was reported in 2%, seizures in 5%, thrombosis in 9%, cirrhosis in 4%, plastic bronchitis in 0.5%, and protein-losing enteropathy in 7%. Arrhythmia receiving treatment or intervention since the Fontan surgery occurred in 118 (28%) subjects; 58% of these (n = 68) happened since Fontan 1.
Mean CHQ-PF50 summary scores for the 264 subjects <19 years were significantly lower than those of historical, healthy, control subjects 13 (44 ± 12 vs. 53 ± 9 for physical, and 48 ± 12 vs. 51 ± 9 for psychosocial summary scores, each P < .01). However, individual scores were within the 95th percentile confidence interval of the mean of historical healthy controls in 78% of subjects for the physical summary score and in 88% for the psychosocial summary score. (Figure 3 ) Mean summary scores among the 153 adult subjects completing the SF-36 were not different (P > .1) from those for healthy controls: the aggregate physical score was 50 ± 8; 97% of Fontan 2 subjects scored within the 95th percentile confidence interval for the mean of healthy control subjects. The aggregate mental score was 49 ± 12 with 91% of Fontan 2 subjects scoring within the 95th percentile confidence interval of the expected mean score of 50 ( Figure 4 ).
Association with Ventricular Dominance
The ventricular morphology was left dominant in 214, right dominant in 141, and mixed in 72 of the 427 enrolled subjects (Table 1) . Subjects with a dominant right ventricle (RV) used a greater number of medicines. Those with a dominant RV were prescribed angiotensin-converting enzyme (ACE) inhibitors more frequently compared with the others, even after adjustments were made for differences by clinical center. Parents of subjects with a dominant RV reported a lower physical functioning domain score on the CHQ-PF50, although there was no difference in the analogous domain reported by the subjects themselves on the CHQ-CF87. Similarly, only a single domain on either the parent or subject, Peds-QL differed by ventricular dominance. Subjects (but not their parents) with a dominant RV reported a better "treatment" score compared with those with mixed ventricular morphology. Differences were observed in 8 of the 10 scales of the SF-36 among adult subjects with those with left ventricular morphology scoring better and those with mixed ventricular morphology scoring the poorest. 
Association with Age
Younger subjects (<18 years, n = 225) were less likely to have suffered from stroke both since their Fontan procedure and in the interim between Fontan 1 and Fontan 2. Interim development of thrombosis since Fontan 1 was more likely in the older (≥18 years, n = 202) cohort. Younger subjects were more likely to be prescribed ACE inhibitors. For the Peds-QL that included all ages, only the treatment scale differed, being better among the younger cohort.
Because the CHQ is validated only in children ≤19 years old, we compared results of these tests between a younger group of 120 subjects <16 years and an older group of 144 subjects 16-19 years old. The mental health, self-esteem, and general health perception scales were higher (better) among the younger group as reported by both the subjects and their parents. We also compared a younger adult group comprising 76 adult subjects 19 to <22.5 years with an older group of 77 subjects ≥22.5 years. No differences were seen in any of the 10 reported scales of the SF-36 (Table 2) .
Association with Fontan Type
Fontan procedure types included atriopulmonary connection (APC, n = 54), total cavopulmonary connection intracardiac lateral tunnel (LT, n = 251), and total cavopulmonary connection extracardiac conduit (ECC, n = 111). After adjustment for age, subjects with an APC were less likely to have had a cardiac catheter based intervention since the Fontan procedure (31% APC vs. 59% LT vs. 65% ECC), P = .004. However, catheter interventions since Fontan 1 were not different between groups, P = .4. The incidence of arrhythmia since the Fontan procedure was higher in APC subjects (44% APC vs. 28% LT vs. 19% ECC), but this was not significant after accounting for age, P = .4. However, the development of new arrhythmia requiring treatment in the interim period between Fontan 1 and Fontan 2 was significantly higher in APC subjects even after accounting for age (30% APC vs. 16% LT vs. 10% ECC), P = .049.
Characteristics of Health Care
There was a significant difference between sites for the frequency of a secondary source of insurance (P < .001). The rate was much higher for Canadian subjects (79%) than for those from US sites (10-26%). The vast majority of subjects (96%) have visited a cardiologist within the past 2 years. We compared 295 subjects with a visit frequency of ≤1 visit per year with 125 subjects with ≥2 visits per year. In multivariable modeling, the only associated factor for more frequent visits was clinical site (P < .001, R 2 = 0.10). The most prevalent medical services reported by subjects were dental care (92%), ophthalmology (62%), educational support (36%), gynecology (32% of the females), mental health (19%), and dermatology and neurology (15% each) ( Table 3) .
Discussion
Longitudinal studies that involve children with chronic diseases transitioning to adulthood are uncommon. This is the largest report of a prospectively followed multicenter cohort of child- ren with univentricular physiology palliated with a Fontan procedure. We found that only 2% were lost to follow-up and 83% of the original cohort were willing to participate. Older patients and males were less likely to agree to participate. This is consistent with challenges that are faced in the transition of clinical care from pediatric cardiologists to adult congenital heart disease specialists. 14 We found 95% interim transplant-free survival over an average of 7 years of follow-up since enrollment in the Fontan 1 study. Those with poorer results during the baseline assessment at Fontan 1 were more likely to have died or be transplanted. Specifically, we found death or transplant to be associated with worse performance on previously administered CHQ-PF50 physical summary score, a more dilated ventricle as measured by echocardiography, and higher measured BNP assessed at Fontan 1. Previous studies examining vital status over time for Fontan survivors and predictors of death or transplant have been limited to single center reports that span large time periods (e.g., 25 years) 15 or have included a much shorter length of follow-up (e.g., <2years). 16 Our data show a slightly lower incidence of death and transplant than a previous study of 321 surviving Fontan subjects with a mean age of 21 years. 16 There have been concerns that patients with a Fontan circulation are destined to have an increasing risk over time for death or heart transplantation 17 as well as a decline in ventricular performance and health status. 18 Rates of decline have been speculated to be greater among those with dominant RV morphology. 19, 20 We did not find RV dominant subjects to have a greater likelihood of death or transplant over the period of study. This is in contrast to a cohort of earlier era Fontan subjects born before 1985 and followed for a median of 12 years in whom a 10-fold risk of heart failure death was seen in those with a morphologic RV. 15 We did find an increase in the use of ACE inhibitors in both younger subjects and those with a dominant RV. We speculate this is a difference in practice patterns that exists despite the lack of evidence to suggest benefit. 21 Although no important differences in quality of life or functional health status were related to ventricular dominance among the children in our study, we did find higher (better) scores in 8 of 10 scales from the SF-36 among the adults with left ventricular dominance.
The strength of this current study is its uniform median follow-up period for all subjects. This allowed us to compare outcomes since the Fontan completion (median 15 ± 3.4 years) as well as in the interim since Fontan 1 (6.8 ± 0.4 years). Subjects with an APC type of Fontan had fewer interventional catheter procedures between Fontan completion and Fontan 1 assessment compared with other Fontan types, a difference that was not observed in the interim period since assessment at Fontan 1. This is likely due to a much higher rate of surgical fenestration in non-APC Fontan types with planned procedures to close these in the first year or so after Fontan surgery. 22 We were able to confirm previous reports that ongoing risk of development of arrhythmia is greater among subjects with an APC compared with other Fontan types. 23 Quality-of-life studies complement mortality and morbidity data by taking physical, psychological, and social factors into consideration. 24 Although the mean CHQ-PF50 physical summary score was lower than those of healthy control subjects, a large majority of adolescent subjects (as reported by a parent) continue to score within the normal range. Comparisons among adults in our cohort evaluated by the SF-36 reveal even fewer differences compared with self-reported historic norms. These results may be explained by coping mechanisms in the adult subjects resulting in a higher appreciation of health status, which is exemplified by higher scores. 25 This may also reflect the known discordance when comparing parent-completed surveys to subject-completed surveys. Because of the nature of this observational cohort, we cannot exclude the possibility that the lowest performing subjects are less likely to survive with a Fontan circulation into adulthood.
26
A significant limitation illustrated in our study is that instruments to study functional health outcomes are validated only for specific age groups. There is not a single instrument that includes the full age range of subjects who are transitioning from the teenage years to adulthood. The CHQ produces scores for 14 domains and two summary scores (physical functioning and psychosocial functioning). Our results for the mean physical summary score for Fontan subjects (44 ± 12) are similar to those subjects with asthma (48 ± 7), juvenile rheumatoid arthritis (42 ± 14), and epilepsy (48 ± 14). The same is true for the psychosocial summary scores, 48 ± 12 in our Fontan group, asthma (52 ± 8), epilepsy (47 ± 12), and attention deficit disorder (37 ± 11). 13 The SF-36 is a multipurpose, 36-item adult health survey that yields an 8-scale profile of functional health and well-being scores as well as psychometrically based physical and mental health summary measures. The results of our cohort of adult subjects showed similar scores when compared with a recent study involving 54 Danish subjects with a Fontan circulation. 27 A recent systematic review of quality-of-life studies in adult congenital heart disease patients suggests that, in general, quality of life is compromised in the physical domains compared with norms and less so in relation to psychosocial and environmental/occupational domains. 28 These findings are supported by our results. Correlations are needed between individual instruments that assess functional health status and quality of life across the transition from child to adult.
The results of this study must be viewed in light of certain limitations. The original Fontan 1 cohort was by necessity a subset of Fontan survivors. The time frame between Fontan 1 and 2 may have been a period of relative clinical stability and too short to observe meaningful changes in functional health status and medical conditions. As stated previously, there are no measurements of functional health status, which are validated across the full age range of the subjects being studied. Comparisons between younger and older groups of subjects divided the cohort into similar-sized groups. If this separation was made in different ways, our findings related to age might be different. The present study was limited to assessment of functional health status and interim medical history. Our assessment was also restricted to the 85% of eligible Fontan 1 survivors who agreed to participate in this follow-up study. Repeat laboratory testing and comparisons of these measures over time, which were not assessed at Fontan 2, will be the subject of future research. This is the largest report of a prospectively followed multicenter cohort of children with univentricular physiology palliated with a Fontan procedure and provides a contemporary overview of vital status, functional health status, and interim medical history in current survivors of the Fontan procedure. Incidence of death or transplantation is low and associated with prior poor functional health status and certain measures of ventricular performance. Functional health status was within normal range in the majority of subjects. Data from this study will permit useful comparisons with the data from single ventricle subjects being followed prospectively from birth in other studies. Continued longitudinal investigation into adulthood is necessary to better understand these patients and improve their long-term outcomes and functional health status. 
